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Appendix A. Draft DOE Technical Targets

Tables 1 through 3 list the DOE technical targets for PEM fuel cell stack systems, fuel-flexible fuel
processors, and integrated fuel cell power systems operating on gasoline. Target values listed in these tables
represent a self-consistent set and must be achieved simultaneously. Targets for 2010 are R&D milestones for
the purpose of measuring progress, not necessarily the targets required for successful commercialization of the
technology. Table 4 lists the DOE technical targets for integrated fuel cell power systems running on direct
hydrogen. Table 5 shows the technical targets for on-board hydrogen storage, and Table 6 lists the technical
targets for off-board hydrogen production and dispensing infrastructure. Tables 7 through 10 list technical
targets for fuel cell stack and fuel processor components. All targets were developed with industry through
preliminary vehicle system analyses and will be refined further as the technology matures and power system
trade-offs are identified. Targets for hydrocarbon-based systems are based on operation with reformulated
gasoline containing an average of 30 ppm sulfur (80 ppm maximum); except for the hydrogen storage targets
in Table 5, all power target values indicate electric power (We).

Targets are reviewed on an annual basis and updated as necessary based on new information.
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Table 1. Technical targets: fuel cell stack systems operating on hydrogen-containing fuel from a
fuel processor (gasoline reformate) in 50 kWe (net) fuel cell systems

(Excludes fuel processing/delivery system)
(Includes fuel cell ancillaries: thermal, water, air management systems)
All targets must be achieved simultaneously and are consistent with those of Freedom CAR

Calendar year
Characteristics Units
2001 2005 2010
status
Stack system power density?” WIL 200 400 550
Stack system specific power Wikg 200 400 550
Stack system efficiency’ @ 25% of rated power % 45 50 55
Stack system efficiency’ @ rated power % 40 42 44
Precious metal loading? g/rated kW 2.0 0.6 0.2
Cost® $/kw 200 100 35
Durability’ hours 10009 >2000" >5000
Transient response (time for 10% to 90% of rated power) sec 3 2 1
Cold start-up time to rated power
@ —20°C ambient temperature min 2 1 0.5
@ +20°C ambient temperature min 1 0.5 0.25
Survivability °C -20 -30 —40
CO tolerance®
steady state (with 2% maximum air bleed) ppm 50 500 500
transient ppm 100 500 1000

aPow er refers to net power (i.e., stack power minus auxiliary pover requirements).

bVolume is “box” volume, including dead space, and is defined as thewater-displaced volume times 1.5 (packaging factor).
Pow er density includes ancillaries (sensors, controllers, electronics, radiator, compressor, expander, and air, thermal and water
management) for stand alone operation.

°Ratio of output DC energy to lower heating value of hydrogen-rich fuel stream (includes converter for 300 V bus); ratio of
rated power to 25% of rated power efficiencies unchanged, assuming continued proportional reduction in stack efficiency at
higher current and proportional increase in compressor efficiency at higher flow rates.

dEquivalent total precious metal loading (anode+cathode): 0.1 mg/cm? by 2010 at rated pover. Precious metal target based
on cost target of <$3/kW precious metals in MEA [@$450/troy ounce ($15/g), <0.2 g/kW]

eHigh-volume production: 500,000 units per year.

Performance targets must be achieved at the conclusion of the durability period; durability includes tolerance to CO, H,S and
NH; impurities.

9Continuous operation (pertains to full power spectrum).

fincludes thermal cycling.

‘Includes thermal and realistic driving cycles.

/Performance targets must be achieved at the end of 8-hour cold-soak at temperature.

kCO tolerance requirements assume capability of fuel processor to reduce CO. Targets for the stack CO tolerance are subject

to trade-offs beween reducing CO in the fuel processor and enhancing CO tolerance in the stack. It is assumed that H,S is
removed in the fuel processor.
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Table 2. Technical targets: fuel processors® to generate hydrogen-containing fuel gas from
reformulated gasoline containing 30 ppm sulfur, average, for 50 kWe (net) fuel cell systems

(Excludes fuel storage; includes controls, shift reactors, CO cleanup, heat exchangers)
All targets must be achieved simultaneously and are consistent with those of Freedom CAR

Calendar year
Characteristics Units
2001 b 2005 2010
status

Energy efficiency” % 78 78 80
Power density WIL 500 700 800
Specific power Wikg 450 700 800
Cost’ $/kW 85 25 10
Cold start-up time to maximum power

@ —20°C ambient temperature min TBD 2.0 1.0

@+20°C ambient temperature min <10 <1 <0.5
Transient response (time for 10% to 90% power) sec 15 5 1
Emissions® <Tier 2 <Tier 2 <Tier 2

Bin 5 Bin 5 Bin 5

Durability’ hours 10009 4000" 5000
Survivability °C TBD -30 —40
CO content in product stream*

steady state ppm 10 10 10

transient ppm 100 100 100
H,S content in productstream ppb <200 <50 <10
NH; contentin product stream ppm <10 <0.5 <041

aWith catalyst system suitable for use in vehicles.

bProjected status for systemto be delivered in late 2002: 80% efficiency, 900 W/L, 550 W/kg.

°Fuel processor efficiency = total fuel cell system efficiencyfuel cell stack system efficiency, where total fuel cell system
efficiency accounts for thermal integration. For purposes of testing fuel-processor-only systems, the efficiency can be estimated
by measuring the derated heating value efficiency (lower heating value of H, x 0.95/ lower heating value of the fuel in) where the
derating factor represents parasitic system pow er losses attributable to the fuel processor.

9High-volume production: 500,000 units per year.

0.07 g/mile NO, and 0.01 g/mile PM (particulate matter).

fTime betw een catalyst and major component replacement; performance targets must be achieved at the end of the durability
period.

9Continuous operation.

hincludes thermal cycling.

Includes thermal and realistic driving cycles.

JPerformance targets must be achieved at the end of an 8-hour cold-soak at specified temperature.

kDependent on stack development (CO tolerance) progress.
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Table 3. Technical targets: 50 kWe (net) integrated fuel cell power systems operating on Tier 2
gasoline containing 30 ppm sulfur, average

(Including fuel processor, stack, auxiliaries)
(Excluding gasoline tank and wehicle traction electronics)
All targets must be achieved simultaneously and are consistent with those of Freedom CAR

Calendar year
Characteristics Units 32,(2&13 2005 2010
Energy efficiency’ @ 25% of rated power % 34 40 45
Energy efficiency @ rated power % 31 33 35
Power density WIL 140 250 325
Specific power Wikg 140 250 325
Cost’ $/kW 300 125 45
Transient response (time from 10 to 90% power) sec 15 5 1
Cold start-up time to rated power
@ —20°C ambient temperature min TBD 2 1
@+20°C ambient temperature min <10 1 <0.5
Survivability® °C TBD -30 —40
Emissions? <Tier 2 <Tier 2 <Tier 2
Bin 5° Bin 5° Bin 5°
Durability’ hours 10009 2000" 5000
Greenhouse Gases One-third reduction compared with conventional Sl-
IC engines in similar type vehicles

@Ratio of dc output energy to the lower heating value of the input fuel (gasoline).

bIncludes projected cost advantage of high-volume production (500,000 units per year) and includes costfor
assembling/integrating the fuel cell system and fuel processor.

“Achieve performance targets at 8-hour cold-soak at temperature.

9Emissions levels will comply w ith emissions regulations projected to be in placewhen the technology is available for market
introduction.

€0.07 NO, g/mile and 0.01 PM g/mile.

Performance targets must be achieved at the end of the durability time period.

9Continuous operation.

hincludes thermal cycling.

Includes thermal and realistic drive cycles.
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Table 4. Technical targets: 50 kWe (net) integrated fuel cell power systems operating on direct
hydrogen?®
All targets must be achieved simultaneously and are consistent with those of FreedomCAR
Calendar year
Characteristics Units 2001
status 2005 2010

Energy efficiency’ @ 25% of rated power % 59 60 60
Energy efficiency @ rated power % 50 50 50
Power density

excluding Hy storage WIL 400 500 650

including H, storage WIL TBD 150 220
Specific power

excluding H; storage W/kg 400 500 650

including H, storage W/kg TBD 250 325
Cost’ (including H, storage) $/kW 200 125 45
Transient response (time from 10% to 90% of rated power) sec 3 2 1
Cold start-up time to maximum power

@ —20°C ambient temperature sec 120 60 30

@+20°C ambient temperature sec 60 30 15
Emissions Zero Zero Zero
Durability? hours 1000 2000° 5000"
Survivability9 °C -20 -30 —40

aTargets are based on hydrogen storage targets in an aerodynamic 2500-Ib vehicle.

bRatio of DC output energy to the lower heating value of the inputfuel (hydrogen).

¢Includes projected cost advantage of high-volume production (500,000 units per year).

9Performance targets must be achieved at the end of the durability time period.

eIncludes thermal cycling.

fincludes thermal and realistic drive cycles.

9Achieve performance targets at 8-hour cold-soak at temperature.
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Table 5. Technical targets for on-board hydrogen storagea"’ subsystem

Storage capacity® wit% 6 5.2 34
Recoverable usable amount’ % 90 99.7 >90
Energy density? Wh/L" 1100" 813 1300
Specific energy Wh/kg" 2000 1745 1080
Cost $/kWh 5 50% 18
Cycle life cycles 500 >500 20-50
Operating temperature™ °C —40° to +50°C —40° to +50°C 20°C to 50°C
Start-up time to full flow

@+20°C sec 15 <1 <15

@-20°C sec 30 TBD TBD
Refueling time min <5 TBD TBD
Hydrogen loss scc/hour/L <1.0 <1.0 <1.0

@Based on lower heating value of hydrogen; includes both physical and chemical methods of hydrogen storage; enables
greater than 300-mile range, based on an aerodynamic, 2500-Ib vehicle.

bR&D carried out in collaboration with DOE Hydrogen Program.

Includes compressed gas and cryogenic liquid tanks.

9Projected from laboratory-scale (100 g) test beds and proposed system designs.

eWeight percent H, is the weight of H, divided by the weight of (H, + tank).

‘Recoverable stored hydrogen, eg. in a 100-kg H, storage system containing 6 kg of stored hydrogen, at least 5.4 kg of useful
hydrogen must be recoverable.

9Based on 5 kg hydrogen for >300 mile range at 10,000 psia (volume of stored hydrogen is 135 L). Allow ingfor 10%
containment volume, system volume is 150 L..

hWatts thermal.

'Speciffic energy is the lower heating value energy of H, contained, divided by theweight of (H, + tank) .

/Based on high-volume production of 500,000 units per year.

kBased on individual tanks.

'Projected hydride material cost only; based on 100-200 kg alanate production.

"Hydrogen storage system must provide hydrogen to the fuel cell at these ambient temperatures.
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Table 6. Technical targets for off-board hydrogen production and dispensing infrastructure

Component Characteristic Units Current 2005 2010
(LHV Basis) Status?®
Cost $/GJ H, 9.9 8.8 7.7
Reforming WTW GHGs g/km 75 70 65
Primary Energy Eff. % (LHV) 80° 82 85
Cost $/GJ H, 0.56 0.56 0.56¢
Purification WTW GHGs*® g/km 1.1 1.1 1.1
Primary Energy Eff. % (LHV) 75° 82 90
Cost $/GJ H, 2.6 2.3 2.09
Compression WTW GHGs g/km 14 11 8
Primary Energy Eff. % (LHV) 82" 85 88
Cost $/GJ H, 27 27 2.7
S‘.Efe%‘é ii‘g WTW GHGs g/km 0 0 0
Primary Energy Eff. % (LHV) 100% 100 100
Cost $/GJ H, 19.2 17.2 16.2"
Total WTW GHGs g/km 90 82 75
Primary Energy Eff. % (LHV) 62 68 75
Notes:  Well-to-wheel greenhouse gas (WTW GHG) emissions are weighted by their global warming potential. Assumes 84-mpeg fuel

economy in a direct hydrogen FCV and on-site power from the US average grid mix. Primary energy efficiency is defined as
Hy drogen Output LHV / Primary Energy Input LHV of the process step. Primary energy associated with on-site power use assumes a
35% production and transmission efficiency penalty (typical US grid mix).
@ Assumes state-of -the-art technology that is feasible but not necessarily av ailable in a complete system today. This assumption is consistent with
the automotiv e fuel cell performance target assumptions.
B Assumes energy cost reductions by way of higher efficiency and a 50% equipment cost reduction from the current scenario. Small-scale
reformers are assumed to come down significantly in price with projected adv ances in materials and designs.
C Assuming a steam methane reformer operating at 10 atm.
P Assumes no equipment cost reduction from the current scenario. Conventional equipment (PSAs) will not likely come down significantly in price,
especially with higher efficiency requirements. Advanced technologies may provide higher efficiencies, but are unlikely to be cheaper.
E Assumes 100% of the purffication purge stream (primarily CO2, H2, CH4, and CO) is recycled to the production step, where the purge stream is
burned to generate heat for the reforming process. There may be some additional purification emissions in other sy stem configurations, but the
total sum of emissions from the production and purification steps will remain the same.
F Assuming a small-scale PSA sy stem operating at reformer outlet pressure.
G Assumes energy cost reductions by way of higher efficiency but no equipment cost reduction from the current scenario. Conv entional equipment
(gas compressors) will not likely come down significantly in price, especially with higher efficiency requirements. Advanced technologies may
L)rovide higher efficiencies, but are unlikely to be cheaper.
Assuming conv entional compressors are used from the PSA outlet pressure to 3600-psi maximum on-site storage pressure and accumulator-
ty pe compressors are used from the storage pressure to 5000 psi on-board storage.
! Based on 3600-psi on-site gas storage.
Y Assumes no equipment cost reduction from the current scenario. Conv entional equipment (high-pressure gas storage tanks) will not likely come
down significantly in price. Advanced technologies may provide higher ov erall efficiencies, but are unlikely to be cheaper.
X Assuming high-pressure gas storage with no leaks during storage or dispensing.
L Includes operation, site prep, and central control costs.
M Costs are based on a hy drogen fueling station serving 300 v ehicles per day (~10,000 std m3 per day ) with on-site production. Capital equipment
costs assume mature production volumes of 100 units peryear. Production volumes of 100 unitsly ear were also studied by DTI with analgous
economic predictions. Production volumes of 10,000 units pery ear will reduce capital costs substantially to $13/GJ (See “Integrated Vehicle
Analy sis” DTI, 1998). Energy costs assume a natural gas price of $5/GJ (HHV) and power price of $0.07/kWh.
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Table 7. Technical targets for fuel cell stack components

Component Requirement

Membranes Cost: $5/kW

Stability: <2 mV w/RH 20-100% , <10% swelling
H, crossover: <1 mA/cm?

O, crossover: <3 mA/cm?

Area specific resistance: 0.1 ohm-cm?

Electrodes Cost: $5/kW

CO tolerance: 500 ppm steady state, 1000 ppm transient with 0.2 g Pt/rated
kW

Durability: 5000 hours

Utilization: 85% H,60% O

Membrane-Electrode Performance:
Assembly On hydrogen

400 mA/cm?at 0.80 V (atrated power)

100 mA/cm? at 0.85 V (at quarter power)

On gasoline reformate

500 mA/cm?at0.75 V (atrated power, 30 psig)

125 mA/cm? at 0.83 V (at quarter power, 9 psig)
Cost: $10/kW

Bipolar Plates Cost: $10/kW; <1kg/kW

H, permeation rate: <2 x 10 cm®sec”’ cm? @ 80°C, 3 atm
(Equivalentto <0.1 mA/cm?)

Corrosion limit: <16 microam ps/cm?

Resistivity: 0.02 ohm/cm?
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Table 8. Technical targets for sensors for automotive fuel cell systems®

Sensor Requirements
Carbon Monoxide (a) 1-100 ppm reformate pre-stack sensor
. Operational temperature: <150°C
. Response time: 0.1-1sec
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, CO,, CO, Ny, H,O at 1-3 atm total pressure
. Accuracy: 1-10% full scale

(b) 1001000 ppm CO sensors

. Operational temperature: 250 °C

. Response time: 0.1-1sec

. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, CO,, CO, Ny, H,O at 1-3 atm total pressure

. Accuracy: 1-10% full scale

(c) 0.1—2% CO sensor 250-800°C

. Operational temperature: 250-800°C.
. Response time: 0.1-1sec
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, CO,, CO, Ny, H,0O at 1-3 atm total pressure
. Accuracy: 1-10% full scale
Hydrogen in fuel . Measurement range: 1-100%
processor output . Operating temperature: 70-150°C
. Response time: 0.1-1 sec for 90% response to step change
. Gas environment: 1-3 aim total pressure, 10-30 mol % water, 30-75%
total H2 , COQ, Nz
. Accuracy: 1-10% full scale
. Measurementrange: 0.1-10%

Hydrogen in ambient

air (safety sensor) Temperature range: —30 to 80°C

Response time: under 1 sec

Accuracy: 5%

Gas environment: ambient air, 10-98% RH range
Lifetime: 5 years

Interference resistant (e.g., hydrocarbons)

Operating temperature: up to 400°C

Measurement range: 0.05-0.5 ppm

Response time: <1 min at 0.05 ppm

Gas environment: Hydrogen, CO, CO,, hydrocarbons, water vapor

Sulfur compounds
(H2S, SO,, organic
sulfur)

Flow rate of fuel . Flow rate range: 30-300 standard L/min
processor output : Temperature: 80°C. . o
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—

75%, COy, Ng, H,O, CO at 1-3 atm total pressure

Operating temperature: 70—-150°C

Measurement range: 1-10 ppm

Selectivity: <1 ppm from matrixgases

Lifetime: 5-10 years

Response time: seconds

Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, CO,, N3, H,O, CO at 1-3 atm total pressure

Ammonia
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Table 8. Technical targets for sensors for automotive fuel cell systems®

Sensor Requirements
Temperature . Operating range: —40 to 150°C
. Response time: in the —40 to 100°C range <0.5 sec with 1.5% accuracy;
in the 100-150°C range, a response time <1 sec with 2% accuracy
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, COs, N, H20, CO at 1-3 atm total pressure
. Insensitive to flow velocity
Relative humidity for . Operating temperature: 30-110°C
cathode and anode gas | * Relative humidity: 20—100%
streams . Accuracy: 1%
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—

75%,C0O3, N2, H20, CO at1-3 atm

Oxygen in fuel (a) Oxygen sensors for fuel processor reactor control
processor and at . Operating temperature: 200-800°C
cathode exit . Measurementrange: 0—20% O,
. Response time: <0.5 sec
. Accuracy: 2% of full scale
. Gas environment: high-humidity reformer/partial oxidation gas: H, 30—
75%, CO2, N, H0O, CO at 1-3 atm

(b) Oxygen sensors at the cathode exit

. Measurementrange: 0-50% O

. Operating temperature: 30-110°C

. Response time: <0.5 sec

. Accuracy: 1% of full scale

. Gas environment: Hy, CO2, Ny, H,O at 1-3 atm total pressure
Differential pressure in . Range: 0—1 psi or (0—10 or 1-3 psi, depending on the design of the fuel
fuel cell stack cellsystem)

. Temperature range: 30—-100°C

. Survivability: —40°C

. Response time: <1 sec

. Accuracy: 1% of full scale

. Size: <1 in2, usable in any orientation

. Other: Withstand and measure liquid and gas phases

aSensors mustconform to size, weight, and cost constraints of automotive applications.
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Table 9. Technical targets for compre ssor/expander (C/E) units for automotive fuel cell
systems’
Characteristic Units Target

Input power® at full flow kW 43
Efficiency at full flow

Compressor (at 3.2 pressure ratio)° % 75

Expander % 90
Efficiency @ 20% of full flow

Compressor (at 1.6 pressure ratio)° % 65

Expander % 80
Volume® L 4
Weight? kg 3
Cost?® $ 200
Turndown ratio 10
Noise db <80

aTargets are being reviewed as a result of the Compressor Peer Review.

bInput pow er to the controller to pover a compressor/expander system producing 76 g/sec (dry) maximum flow . This flow rate
roughly corresponds to maximum pow er for a 50-kW fuel cell system. A 25% flow is 19 glsec. Expander inlet conditions are
assumed to be: 82 g/sec, 150°C, and 2.8 atm (at full flow).

°The pressure ratio is allow ed to float as afunction of load on the fuel cell system (i.e., as a function of the flow through the
compressor/expander unit).

9Weight, volume, and cost do not include the motor/controller or heat rejection (if required).

eCost target based on a manufacturing volume of 100,000 units per year.
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Table 10. Technical targets for fuel proce ssor catalysts and reactors (for reforming Tier Il
gasoline containing 30 ppm Sulfur)®

Characteristic Units Autothermal Sulfur Water CcoO pr.efelrential

reformer removal gas shift oxidation

GHSV per hour 200,000 50,000 30,000 150,000

Conversion® % >99.9 >99.95 >90 >99.8

H2 selectivity” (or % >80 <0.1 >99 <0.2

consumption)

Volume® L/kWe <0.013 <0.06 <0.1 <0.02

Weight® kg/kWe <0.015 <0.06 <0.1 <0.03

Durability’ hours 5000 5000 5000 5000

Cost $/kWe <5 <1 <1 <1

2GHSV (gas hourly space velocity) = the volumetric flow rate of the product gases reduced to 25°C and 1 atm, divided by the
bulk volume of the catalyst.

bTarget values are guidelines for single reactor R&D; systemysubsystem targets take precedence.

¢Conversion: (moles of reactant in — moles of reactant out) x 100/(moles of reactant in).

dSelectivity: At the autothermal reformer: (moles of H, in product) x 100/(moles of H, “extractable” from the reformer feed); at
the shift reactor: (moles CO converted to H,) x 100/(total moles of CO converted).

¢The volume and w eight targets include only the catalysts, not the hardw are needed to house the catalysts or any heat
exchangers.

fOver standard driving cycles.
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